Introduction {#s0005}
============

Genetic flux plays an important role at genome evolution. Crossover and gene conversion are important forms of genetic information exchange. Although recombination has been and is being studied across human genome at variable levels (high and low resolution), studies of gene conversion have only covered several specific regions (such as major histocompatibility complex regions and globin genes), or duplication genes distributed at different locus (such as human endogenous retroviral sequence in human Y chromosome) [@bib1], [@bib2], [@bib3]. It is less known about gene conversions across autosomes, since it is hard to distinguish gene conversion events from double crossovers on mammal meiotic products [@bib4].

As one kind of chromosomal rearrangements, inversion is believed to be an important model to discover gene conversions. Since gene flow among different oriented chromosome segments is inhibited, these segments would accumulate mutations independently and evolve towards different directions [@bib5]. According to previous nucleotide diversity researches in *Drosophila* genus, gene conversion rate would be uniform along inversion loop, whereas double-crossover rate would be higher in central part of inversion loop when compared with inversion breakpoints [@bib5].

In previous research, human chromosome 17q21.31 region has been identified as a 900-kb inversion polymorphism by assembly of chromosome-specific BAC clones [@bib6]. Two orientations of this inverted segment represent distinct lineages, *H1* (non-inverted sequence) and *H2* (inverted sequence). The inverted configuration is linked to *H2*, which is relatively common in Europen samples but nearly absent in other HapMap populations. Recent studies have suggested no evidence of having recombined between two haplotype groups. Therefore, such inversion region provides a good sample to discover the gene conversions within autosomal regions.

In this study, we used phase II haplotype data across the human chromosome 17q21.31 inversion polymorphism region to detect conversion events in HapMap CEU samples. Based on the assumption that no recombination events had taken place between *H1* and *H2* haplotypes, 26 non-reciprocal gene conversions were detected. Meanwhile, several conversion events (reciprocal genetic flux) were false due to haplotype phasing error in HapMap dataset. Our study shows that haplotype-based methods can be applied to scan for genetic flux at inversion polymorphism regions.

Results {#s0010}
=======

Haplotype substructures in 17q21.31 region {#s0015}
------------------------------------------

To determine the segmental orientations, we carried out cluster analyses of haplotypes by considering this 900-kb inversion segment as a specific polymorphism frame. In total, 120 haplotypes were constructed based on 1,546 single nucleotide polymorphisms (SNPs) from HapMap phase II data in all unrelated individuals. Further haplotype tree analysis showed that the CEU population was composed of two distinct subgroups ([Figure 1](#f0005){ref-type="fig"}). Using two SNPs, namely rs1800547 and rs9468, for orientation determination, the larger clade containing 96 haplotypes corresponded to the *H1* lineage as in the study of Stefansson *et al*. [@bib6], and the other clade containing 24 haplotypes corresponded to the *H2* lineage as inversion group ([Table S1](#s0065){ref-type="sec"}). These haplotypes were consistent with Stefansson's result by combining microsatellites and SNPs.

Candidate conversion events within inversion region {#s0020}
---------------------------------------------------

Using phased haplotypes in *H1* and *H2* lineages, we predicted 41 candidate conversion regions ([Table S2](#s0065){ref-type="sec"}) with Betran's algorithm [@bib7]. The average length of them was 14,118 bp, longer than the length of other known conversion tracts. The longest one was 66,767 bp, containing 157 SNPs. Within these predicted conversions, 15 candidate regions had the corresponding conversion events observed in the same position of the sister chromosome from same individuals. We defined these paired predicted regions as reciprocal genetic exchange ([Table 1](#t0005){ref-type="table"}). As shown in [Figure 2](#f0010){ref-type="fig"}, group 1 illustrated these reciprocal exchanges, and individuals with same candidate regions came from the same family, such as NA11881 and NA11882, NA12155 and NA12156. Moreover, non-reciprocal genetic exchanges could be observed in both *H1* and *H2* lineages (group 2 in [Figure 2](#f0010){ref-type="fig"}). In all, 26 regions of this kind were identified to have diverse length. These regions may be introduced from other population by gene conversion.

For the 15 reciprocal genetic exchanges, candidate regions were observed in samples from the same family, implying that this kind of conversion may be the result of phasing error. To test this possibility, we obtained the real haplotypes of these candidate regions by clone sequencing. As shown in [Table 1](#t0005){ref-type="table"}, comparison between the HapMap-predicted haplotypes and the observed ones demonstrated the existence of phasing errors. Factors contributed to phasing errors include conversion events occurred in parent generation and inaccuracy in algorithms adopted by software for phasing. We further sequenced candidate regions in NA10859 and in her parents (NA11881 and NA11882), and found that haplotypes were identical in both generations. Therefore, these errors were most likely due to algorithms in haplotype deduction.

Verification of conversion events {#s0025}
---------------------------------

To validate the conversion event of the 26 non-reciprocal genetic exchanges, we selected four regions for sequencing verification ([Table 2](#t0010){ref-type="table"}). Most of the candidate conversion regions were confirmed by clone sequencing, and small conversion regions seemed to be easier for verification. For instance, a 15-bp predicted conversion region, chr17: 41,111,640-41,111,654, was successfully validated in both NA11831 and NA12716. Large candidate regions may contain more SNP phasing errors, and haplotype deduction may be inaccurate. The candidate region chr17: 41581663--41634438 was longer than all known conversion tracts. It was predicted in both NA12236 and NA11839 samples, but was only confirmed in the latter one. The longest candidate region was predicted in NA12156, spanning 66,767 bp. In our attempt for its haplotype construction, we only obtained one haplotype at each breakpoint using clone sequencing. In addition, we found that both upstream and downstream haplotypes had phasing error SNPs, precluding us to identify this candidate as a conversion region.

Discussion {#s0030}
==========

In 17q21.31 inversion region, haplotype subgroups corresponded to the two alleles with opposite segmental orientations, *H1* and *H2*, respectively [@bib6]. Considering the high genetic divergence between these two arrangements (*F*~*ST*~=0.81), the crossover between two oriented chromosome segments has been significantly inhibited. In this study, we used phased haplotype data from CEU samples to detect gene conversion within 17q21.31 inversion region. After excluding the phasing error from HapMap haplotype construction, we identified 26 confident regions subjected to historic gene conversions. As conversion event can weak the strength of linkage disequilibrium (LD) [@bib4], it should be concerned at searching related disease genes within this region.

The goal of International HapMap Project was to help researchers to mapping genes related to diseases using LD among markers. Although Bayesian statistical method was more accurate than other algorithms, such as expectation-maximization algorithm [@bib8], the genotyping error and structure variation could still affect the data qualification of HapMap. It reminds that researchers should sequence the target regions and determine the correct associated markers. For most applications, although it is easy to estimate the switch error rate of phasing based on computer simulation, the identification of phasing errors in particular loci is inefficient. In this study, we did verify several haplotype phasing error sites compared to real autosomal haplotypes from clone sequencing. However, the predicted method based on detection of "reciprocal genetic exchange" cannot apply to autosomal region without chromosome rearrangement.

Conclusion {#s0035}
==========

Here we described a refined map of genetic exchanges between pairs of gene arrangements within the 17q21.31 region. Using HapMap phase II data of 1,546 SNPs, we successfully deduced 96 *H1* and 24 *H2* haplotypes in European samples by neighbor-joining (NJ) tree reconstruction. In particular, the large genetic differentiation between these two haplotype clades might be caused by the suppression of gene flux between these two arrangements. Furthermore, we applied methods of Betran *et al*. [@bib7] to scan for genetic flux between *H1* and *H2* in the 120 CEU haplotypes, and identified 15 and 26 candidate tracts with reciprocal and non-reciprocal genetic exchange, respectively. In all 15 regions harboring reciprocal exchange, haplotypes reconstructed by clone sequencing did not support these exchange event, suggesting that such signals of exchange between two sister chromosomes in certain heterozygous individual were caused by phasing error regions. On the other hand, the finished clone sequencing across 4 of 26 tracts with non-reciprocal genetic flux confirmed that this kind of genetic exchange was caused by gene conversion. In summary, as crossover between pairs of gene arrangements had been considerably suppressed, gene conversion might be the most important mechanism for genetic exchange at 17q21.31.

Material and Methods {#s0040}
====================

Haplotype analysis and conversion prediction {#s0045}
--------------------------------------------

Phasing haplotype data of 60 unrelated CEU samples (Utah residents with ancestry from northern and western Europe) were downloaded from the HapMap website (HapMap Phase II/rel\#21a data files; <http://www.hapmap.org/>) [@bib9]. In total, 1,546 autosomal markers across chr17q21.31 (41.02--41.98 Mb), which were segregating in CEU HapMap samples, were applied for analysis.

To infer the evolutionary relationships of haplotypes, NJ tree algorithm was carried out for haplotype clustering [@bib10]. Haplotype genetic distances were estimated by the allele sharing distance method [@bib11]. The haplotype tree was then constructed by means of the NJ algorithm implemented in the MEGA3 [@bib12]. Next, we used Betran's method [@bib7] to detect gene conversion tracts from haplotype data between arrangements (or haplotype subgroups). The algorithm was provided by the DnaSP software (version 4.10.9) [@bib13]. Based on the parameter φ (Equation A4 in Betran *et al*.) [@bib7], which measures the probability of detecting a converted site, we estimated the number and the length distribution of conversion tracts across 17q21.31 region.

Clone sequencing and conversion verification {#s0050}
--------------------------------------------

DNA samples of the International HapMap Project were obtained from Coriell Repositories (Camden, NJ, USA). To verify the candidate conversions, seven regions within inversion region were selected for clone sequencing ([Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}). All the PCR reactions were performed with TaKaRa LA Taq kit. PCR products were electrophoresed on gel of 1% agrose and were retrieved using AxyPrep DNA Gel Extraction kit (AxyGen Company) according to the recommendations of the manufacturer. In order to get the single haplotype, we cloned the products with pGEM-T vector (pGEM-T vector system, Promega) under the instructions of manufacturer. For each sample, we selected five clones.

All the clones were cultured at 37°C for 12 h, and plasmids were extracted using the AxyPrep Plasmid kit according to the manufacturer instruction. DNA sequencing was performed on ABI 3730 DNA sequencer system using Big Dye chemistry. SNPs were found by aligning with reference sequence according to assembly 37 using Lasergene software.
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![Neighbor-joining tree of long-range haplotypes from CEU population samples. With each branch representing a haplotype, clusters are constructed from data of 120 HapMap chromosomes at 17q21.31. In the two distinct clades, "○" represents *H1*, and "♦" represents *H2*.](gr1){#f0005}

![Distribution of predicted candidate conversion regions. In the upper panel, the left column shows the individuals. Black lines represent *H1* and red lines represent *H2*; red bars in *H1* and black bars in *H2* represent predicted candidate conversion regions. Two dash lines demonstrated the inversion region. The bottom panel shows the recombination hotspots within this inversion region (retrieved from the HapMap official website at <http://www.hapmap.org/>).](gr2){#f0010}

###### 

Predicted and observed haplotypes in three reciprocal conversion regions.

Table 1

  Region                    Sample                               HapMap haplotype                     Observed haplotype
  ------------------------- ------------------------------------ ------------------------------------ -------------------------------
  41,163,838 - 41,182,076   NA11881:C1                           T-A-**[A-T...G-G-A]{.ul}**-G-C       T-A-***G-C...A-A-G***-G-C
  NA11881:C2                C-C-***G-C...A-A-G***-A-C            C-C-**[A-T...G-G-A]{.ul}**-A-C       
  NA11882:C1                C-C-**[G-C...A-G-A]{.ul}**-G-T       C-C-***A-T...A-A-G***-G-C            
  NA11882:C2                T-A-***A-T...A-A-G***-A-C            T-A-**[G-C...G-G-A]{.ul}**-A-C       
                                                                                                      
  41,458,711 - 41,460,355   NA11881:C1                           T-G-**[C-C-C...C-C-A-A]{.ul}**-C-T   T-G-***A-T-T...T-T-C-G***-C-T
  NA11881:C2                C-C-***A-T-T...T-T-C-G***-T-G        C-C-C-**[C-C...C-C-A-A]{.ul}**-T-G   
  NA11882:C2                T-G-**[C-C-C...T-T-C-G]{.ul}**-T-G   T-G-***A-T-T...C-C-A-?***-?-G        
  NA11882:C1                C-C-***A-T-T...T-C-A-A***-C-T        C-C-**[C-C-C...T-T-C-G]{.ul}**-C-T   
                                                                                                      
  41,578,112 - 41,644,878   NA12156:C1                           C-T-A-**[C-G-G]{.ul}**-A-C-G         C-T-A-***T-A-A***-A-C-G
  NA12156:C2                T-C-G-***T-A-A***-C-T-T              T-C-G-**[C-G-G]{.ul}**-C-T-T         

Note: C1, one sister chromosome; C2, the other sister chromosome.

###### 

Verification of four "interspersed" conversion regions.

Table 2

  Region           41,012,678-41,015,758   41,111,640-41,111,654   41,195,723-41,195,778   41,581,663-41,634,438                                                                               
  ---------------- ----------------------- ----------------------- ----------------------- ----------------------- -------------------- ---------------- ------------------------------------- -----------------------
                   **NA07000:C1**          **C-G-T-C-T**           **NA07000:C1**          **G-G-A-C**             **NA07000:C1**       **A-T-G-C**      **NA07000:C1**                        **G-G-A-T...T-A-G-A**
  **NA07000:C2**   **C-G-T-C-T**           **NA07000:C2**          **G-G-A-C**             **NA07000:C2**          **A-T-G-C**          **NA07000:C2**   **G-G-A-T...T-A-G-A**                 
  **NA11839:C1**   **C-G-T-T-T**           **NA11831:C1**          **G-G-A-C**             **NA07357:C1**          **[T-G]{.ul}-G-C**   **NA07055:C1**   **G-G-A-T...T-A-G-A**                 
  NA11839:C2       C-[G-T-C-T]{.ul}        **NA11831:C2**          **A-G-[C-A]{.ul}**      **NA07357:C2**          **A-T-G-C**          **NA07055:C2**   **G-G-A-T...T-A-G-A**                 
  NA12236:C1       C-A-T-C-C               **NA12716:C1**          **A-G-[C-A]{.ul}**      NA12236:C1              T-G-A-A              **NA12236:C1**   **A-A-T-C...C-G-A-G**                 
  NA12236:C2       C-A-T-C-C               **NA12716:C2**          **G-G-A-C**             NA12236:C2              T-G-A-A              **NA12236:C2**   **[G]{.ul}-A-T-C...C-[G]{.ul}-G-G**   
                                           NA12236:C1              G-G-C-A                                                                                                                     
                                           NA12236:C2              G-G-C-A                                                                                                                     

Note: Bold, H1 haplotype; Unbolad, H2 haplotype; Underlined, conversion region; C1, one sister chromosome; C2, the other sister chromosome.

[^1]: Equal contribution.
